The effects of modified atmosphere packaging (MAP-70% CO 2 /30%N 2 ) and iron-based oxygen scavengers (OS) with various absorption capacities (Ageless R ss100, ss300, and ss500) as an active packaging system on microbiological and oxidative changes in chicken thigh meats were evaluated during refrigerated storage (4 • C) for 19 d at 3-day intervals. Total aerobic mesophilic bacteria counts exceeded the acceptability limit at d 7 in the control group without MAP (AIR), and at d 19 in MAP and OS containing samples. OS utilization resulted in around 1.5 and 1.0 log unit reductions in Pseudomonas spp. counts at d 7 and d 10 of storage, respectively, as compared with AIR and MAP groups (P < 0.05). MAP and OS groups had fewer (P < 0.05) coliform counts than did the AIR group, with an approximately 1.0 log reduction observed at d 10. Although in some cases OS utilization resulted in lower TBARS values and carbonyl and sulphydryl contents, particularly during later stages of refrigerated storage as compared to AIR and MAP groups, in general, these effects were not always apparent. The results of this study suggested that MAP suppressed microbiological growth and retarded lipid and protein oxidation in chicken thigh meats, with a 9-day shelf-life extention with insignificant effects of OS.
INTRODUCTION
Chicken meat is one of the most desirable meats because of its low cost and good nutritional quality resulting from high-quality protein, low total fat and saturated fatty acids, and relatively high unsaturated fatty acids contents (Patsias et al., 2006) . Since it is widely available and relatively inexpensive in comparison to red meats, and contributes to the overall quality of the diet in specific ages and conditions, production and consumption of chicken meat has been expanding worldwide (FAO, 2014) .
Due to the short shelf-life period of fresh chicken meats under refrigerated storage, the industry and meat scientists have focused on seeking new techniques for prolonging the storage life of these products (Patsias et al., 2008) . Among those methods that have gained recognation by the industry, modified atmosphere packaging (MAP) has become a prevalent technique used for retail packaging of fresh and processed meat as a nonthermal food preservation system (Balamatsia et al., 2007 A general definition for MAP was highlighted by Young et al. (1988) as the "enclosure of gas barrierbarrier materials, in which the gaseous environment has been changed." In order to change the package environment, different gas compositions including carbon dioxide, oxygen, and nitrogen can be used, depending on the characteristics of the food enclosed, to minimize shelflife limiting spoilage factors (Balamatsia et al., 2007) . Generally, oxygen should be excluded from the MAP atmosphere for products that are susceptible to spoilage due to the growth of aerobic microorganisms and oxidative biochemical degradation reactions (Clausen et al., 2009) .
Although MAP with the inclusion of carbon dioxide is a successful application to reduce oxygen, some residual oxygen might still remain in the packaging atmosphere. To remove residual oxygen, oxygen scavengers (OS) as an alternative active packaging system to the traditional MAP offers an oxygen free atmosphere during storage by absorbing the residual oxygen after packaging, thus preventing the growth of aerobic microorganisms and the development of off-flavor and discoloration due to lipid and protein oxidation, as well as the loss of nutritional components (Limbo and Khaneghah, 2015) .
The objective of this study, therefore, was to evaluate the influence of MAP application in combination with iron based OS in different absorption capacities in comparison to the control packed with air without MAP on the oxidation of lipids and proteins, and the growth of microorganisms in fresh chicken thigh meats during refrigerated storage.
MATERIALS AND METHODS

Materials
Broiler chicken (Ross 308) thigh meats were provided by BEYPİ (BEYPİ Inc. Bolu, Turkey). This thigh meat contained 76.4 ± 1.4% moisture, 17.1 ± 2.1% protein, 4.1 ± 1.4% fat, and 1.0 ± 0.1% ash (chemical composition was determined using AOAC (1990) standard methods).
A modified atmosphere packaging machine (Reepack Retray 25), packaging film (OPET12/OPA15/CPP60 with oxygen and carbon dioxide transmission rates of 22.56 and 95.64 cc/m 2 /d at 24
• C, respectively), polypropylene trays (19 × 14 × 8 cm) (Apack Machinery Limited Company,İstanbul, Turkey), and oxygen scavengers (OS -Mitsubishi Gas Chemical Co., Inc., Tokyo, Japan) with 3 different oxygen absorption capacities (Ageless R ss100, ss300, and ss500) were used for packing of the chicken thigh meats.
Methods
After slaughtering, chicken thigh meats were transferred to the Meat Laboratory of the Food Engineering Department at Ankara University under refrigerated conditions. On the same d, the thigh meats were divided into 5 groups. The first group was aerobically packaged (AIR) and the others were packaged with modified atmosphere containing 70% carbon dioxide and 30% nitrogen. One of the modified atmosphere packaging groups was separated as a control (MAP), and the other 3 groups (MO100, MO300, and MO500) were incorporated with 3 different OS (ss100, ss300, and ss500) into the package. The packaged chicken meats were stored at 4
• C in the dark, and analyzed at d zero and one and then at 3-day intervals until they reached >7 log cfu/g microbiological spoilage limit (ICMSF, 1986) .
pH Value Ten grams of chicken meat sample was homogenized with 100 mL of distilled water for one min using a Miccra D-9 homogenizer (Müllheim-Germany), and the pH of the slurries was determined with a Hanna pH meter, HI 221 (Cluj Napoca-Romania) (AOAC, 1990) .
Headspace Gas Composition The headspace gas composition of the samples was measured using a gas analyzer (Oxybaby M O 2 /CO 2 , Witten-Germany) as v/v (%), according to Aday et al. (2011) . Before analyzing headspace of the packages, gas composition of air was measured to confirm the accuracy of the gas analyzer. Measuring principles of O 2 and CO 2 were electrochemical cell and IR-absorption, respectively. Microbiological Analysis A 10 g sample of each chicken meat was homogenized for one min in a stomacher with 90 mL of maximum recovery diluent (MRD, Merck 1.12535, Darmstadt-Germany). After homogenization, the sample was serially diluted with the same diluent. Total aerobic mesophilic bacteria (TAMB) counts were determined on plate count agar (Merck 1.05463) at 28
• C for 48 h (Anonymous, 2000) . Pseudomonas spp. were enumerated on Glutamat Starch Phenol Red Agar (Merck 1.10230) at 28
• C for 48 to 72 h (Halkman, 2005) . Both lactic acid bacteria and total coliform bacteria were grown on a double layer de Man Rogosa Sharpe Agar (Merck 1.10660) at 28
• C for 48 h and Violet Red Bile Agar (Merck 1.01406) at 32
• C for 24 h, respectively (Anonymous, 2000; Halkman, 2005) .
Lipid Oxidation Lipid oxidation was measured by thiobarbituric acid reactive substances (TBARS) assay. TBARS value was determined according to Tarladgis et al. (1960) , and expressed as mg malondialdehyde (MDA) per kg of chicken meat.
Protein Oxidation Protein oxidation was assessed by determining carbonyl and sulphydryl contents. Carbonyl content of the samples was evaluated by derivatization with 2.4 dinitrophenyl hydrazine (DNPH) according to Zakrys et al. (2008) and calculated as nmol DNPH/mg protein with the extinction co-efficient of 21.0 mM/cm at 370 nm. The sulphydryl content was determined by 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) method according to Liu et al. (2000) and expressed as a molar absorbtivity of 11.400 M/cm.
Statistical Analysis Compatibility with parametric statistical methods of data from 2 replications was tested by the Shapiro-Wilk normality method (Daniel, 1991) . The experimental design was a split-plot, with type of packaging (AIR, MAP, MO100, MO300, and MO500) as the main plot and d of storage (zero, one, 4, 7, 10, 13, 16, and 19 d) as the subplot. Experiments were replicated twice on different occasions. At each storage time, for each attribute, the data from duplicate random packages containing chicken thigh meats were obtained in triplicate measurements (n = 4). The factors affecting variation in the quality criteria measured were sampling group and storage period. Data obtained from the study were subjected to analysis of variance. Statistical significance between group differences was determined with Post-hoc Tukey's Test. Statistical analysis were performed by SPSS (for Windows 14.01) statistical program.
RESULTS AND DISCUSSION
Headspace Gas Composition
There were significant changes in gas concentration in the package headspaces during storage (Table 1 ). In the headspace gas composition of MAP and OS groups, oxygen was not detected, while carbon dioxide contents of the MAP and OS groups decreased during storage 
-= Not determined; AIR samples exceeded spoilage limits and were discarded. a-d: For an attribute, means within a groups in a column (between storage d) not having a common superscript letter are different (P < 0.05). A-D: For an attribute, means within a row not having a common superscript letter are different (P < 0.05).
(P < 0.05), which could be attributed to dissolution of carbon dioxide in the aqueous portions of the chicken meat or to the permeation of the gas out of the package with time. A decrease in oxygen concentration of the AIR group (which was discarded because it exceeded the microbial spoilage limit at d 10) was observed over the storage; however, there was an increase in carbon dioxide concentration in the headspace (P < 0.05). In general, carbon dioxide concentration in the MAP group was higher than that in OS incorporated groups, particularly those in MO300 and MO500 groups (P < 0.05). This difference in headspace carbon dioxide concentration of MAP and OS groups could be due to lower TAMB counts of OS samples as compared to MAP. As noted by Mexis et al. (2009) and Lerasle et al. (2014) , the increase in carbon dioxide concentration in the head space of modified atmosphere packages could be due to the gas accumulation resulting from microbial growth. Furthermore, the MO100 group possessed greater (P < 0.05) headspace carbon dioxide content than MO300 and MO500 groups on d 13, 16, and 19 of storage. This is likely due to unintentional absorption of some of the carbon dioxide inside the package by iron-based oxygen scavengers resulting from a possible reaction of iron with carbon dioxide to form ferrous carbonate, which then reacts with oxygen (Sivertsvik, 2007) .
Similar to this study, increases in oxygen and decreases in carbon dioxide in modified atmosphere packaged ground chicken thigh meat and chicken breast fillets were noted by Keokamnerd et al. (2008) and Latou et al. (2014) , respectively. Jimenez et al. (1997) reported that decreases in carbon dioxide content of modified atmosphere packaged samples could be a result of gas permeation, rupture and puncture of packaging film, or biochemical changes such as respiration of food. Seydim et al. (2006) found that reduction of the CO 2 in O 2 and N 2 contents in the modified atmosphere packaged fresh ground ostrich meat samples was due to solubility of CO 2 in the aqueous phase. Latou et al. (2014) also noted that the decrease of carbon dioxide content was due to solubilization of carbon dioxide in the aqueous portion of foods and different permeability rates of the gases used in the package.
pH Value
The initial pH value of chicken thigh meat was 5.85, which is in the lower end of the pH spectrum, but still in the normal range for thigh pH reported in the literature (Kolsarici and Candogan, 1995; Yu et al., 2005; Trespalacious and Pla, 2007; Tomankova et al., 2012) . Differences in the pH of chicken meats could be due to factors such as breed, muscle glycogen, age, muscle type, nutrition, postmortem changes, transport, and stress (Wattanachant, 2008) . Generally, pH values of all groups exhibited increases until d 7 of storage and decreased towards the end of storage, with the exception of the MO100 group, which had an increase in pH at d 19 (Table 2) . Increases in pH value due to the microbial proliferation of packaged fresh chicken meats during refrigerated storage also were noted by Latou et al. (2014) . Further decreases in the pH value of chicken thigh meats in the present study are likely because of lactic acid accumulation as a result of the metabolism of lactic acid bacteria and formation of carbonic acid through carbon dioxide dissolution at the aqueous portion of poultry meats (Patsias et al., 2008) .
Microbiological Analysis
Initial TAMB counts of thigh meats were 2.9 log cfu/g, which showed significant increases (P < 0.05) over time in all groups during storage (Figure 1 ). The AIR group had significantly higher TAMB counts than did the MAP and OS groups (P < 0.05), and reached the limit for onset of spoilage (>7 log cfu/g) indicated for fresh meat by ICMSF, the International Commission a,B * Mean ± standard deviation (n = 4). =, Not determined because the AIR samples exceeded spoilage limits and were discarded. a-g: For an attribute, means within a group in a column (between storage d) not having a common superscript letter are different (P < 0.05). A-E: For an attribute, means within a row not having a common superscript letter are different (P < 0.05).
on Microbiological Specifications for Foods (ICMSF, 1986) at d 10 (7.1 log cfu/g). Similar to our study, Jongberg et al. (2014) rejected chicken breast meat stored in modified atmosphere packaging with oxygen (80% O 2 and 20% CO 2 ) at d 9 due to microbiological deterioration. The TAMB counts of the MAP and OS groups exceeded the acceptability limit at d 19, reaching TMAB counts of 7.6, 7.1, 7.1, and 7.2 log cfu/g in MAP, MO100, MO300, and MO500, respectively. After d 13, OS utilization resulted in approximately 0.5 log reduction (P < 0.05) in TAMB count as compared to the MAP group. When compared to the AIR group, MAP with or without OS extended the microbiological shelf life of chicken thigh meats approximately 9 d, and OS application did not result in an additional shelf-life extension to MAP. No significant differences in TAMB counts between OS utilized groups (MO100, MO300, and MO500) were determined. Jimenez et al. (1997) indicated that TAMB counts of chicken breast meats packaged in air reached 8.0 log cfu/g at 4 to 5 d of storage and the MAP (70% CO 2 /30%N 2 ) group reached this limit (8.0 log cfu/g) after 12 to 13 d of refrigerated storage. It also has been indicated that MAP application in precooked chicken meats (Patsias et al., 2006) , fresh chicken breast meat (Chouliara et al., 2007) , and chicken fillets (Balamatsia et al., 2007) resulted in lower total bacterial counts as compared to air control.
The initial Pseudomonas spp. count of chicken thigh meat was 2.2 log cfu/g. Pseudomonas spp. counts in OS utilized groups of chicken thigh meats were significantly lower than those in both AIR and MAP groups (P < 0.05), except for the MAP group at d one of storage, which possessed the lowest Pseudomonas spp. counts among all groups (P < 0.05) (Figure 2) . Pseudomonas spp. grow well under refrigerated and aerobic conditions, and are responsible for spoilage of chilled foods (Franzetti and Scarpellini, 2007) . Carbon dioxide concentrations greater than 20% in modified atmosphere packaging result in robust growth inhibition of Pseudomonas spp. (Chouliara et al., 2007) . In the present study, in comparison to AIR and MAP groups, OS utilization reduced (P < 0.05) Pseudomonas spp. counts approximately 1.5 and 1.0 log unit, respectively, at d 7 and d 10 of storage. Inhibition of the growth Figure 1 . Changes in mean total aerobic mesophilic bacteria counts (log cfu/g) of chicken thigh meats stored up to 19 d at 4
• C. All data points represent the mean ± standard deviation (n = 4). Standard deviations are given by error bars, AIR (Δ), 70% CO 2 /30%N 2 MAP ( ), MO100 ( ), MO300 ( ), and MO500 ( ). Figure 2 . Changes in Pseudomonas spp. counts (log cfu/g) of chicken thigh meats during refrigerated storage for 19 days. All data points represent the mean ± standard deviation (n = 4). Standard deviations are given by error bars, AIR (Δ), 70% CO 2 /30%N 2 MAP ( ), MO100 ( ), MO300 ( ), and MO500 ( ).
of Pseudomonas spp. through OS utilization also was mentioned in a study conducted by Mexis et al. (2009) in rainbow trout fillets and in a comprehensive review by Coma (2008) . However, in the current study, no statistically significant effects of OS possessing different absorption capacities were observed. Patsias et al. (2006) noted that Pseudomonas spp. counts in air packaged precooked chicken meats exhibited a progressive increase during 20-day refrigerated storage, reaching 5.5 to 6.2 log cfu/g, while modified atmosphere packaged meats maintained low Pseudomonas spp. counts (<2.0 log cfu/g) at d 20. Chouliara et al. (2007) evaluated the combined effect of oregano essential oil and modified atmosphere packaging on the shelf life of chicken breast meat and noted that 30% and 70 carbondioxide concentration caused 1.1 log and 2.1 log reduction, respectively, on Pseudomonas spp. counts.
Initial total coliform count of chicken thigh meats (2.5 log cfu/g) increased significantly (P < 0.05) in all groups during storage (Figure 3) , reaching 4.8 log cfu/g in the AIR group at d 10, and 4.5, 4.4, 4.5, and 4.4 log cfu/g in MAP, MO100, MO300, and MO500 at d 19, respectively. An approximately 1.0 log reduction was observed with MAP and OS applications (P < 0.05) in comparison to the AIR group at d 10. Esmer et al. (2011) showed that a gas combination of 50% O 2 /30%CO 2 /20%N 2 in the packaging of minced beef resulted in complete inhibition of Enterobacteriaceae on the fourteenth d of refrigerated storage. On the contrary, Seydim et al. (2006) reported no effect of modified atmosphere packaging against Enterobacteriaceae and coliform counts in ground ostrich meat. In the current study, MAP and OS applications generally did not differ in total coliform counts during storage (P > 0.05).
The initial LAB counts of raw material (1.9 log cfu/g) also exhibited increases (P < 0.05) in all groups during storage (Figure 4) . Similar to the findings of the current study, Daly and Acton (2004) and Seydim et al. (2006) also reported increases in the counts of lactic acid bacteria of MAP applied ground beef and ground ostrich meat, respectively, during storage. MAP and OS applications did not affect LAB counts (P > 0.05) during storage due to the fact that facultative anaerobic LAB possess the ability to grow under low oxygen concentration.
Lipid Oxidation
The initial TBARS value of chicken thigh meats was 0.55 mg MDA/kg sample, which showed significant increases (P < 0.05) in all groups over the refrigerated storage time (Table 2 ) without exceeding the acceptability limit perceived by consumers for rancidity (one mg MDA/kg sample), as reported by Nam and Ahn (2003) in raw meats. Low lipid oxidation determined in the current study was probably due to the low oxygen concentration remaining in the package (JeunHorng et al., 2002) . This low lipid oxidation also might be because of the fact that the samples were stored in the dark. If the samples were stored in the light, higher TBARS values might have been obtained.
Significantly higher TBARS values were obtained in the AIR group (P < 0.05) than in those of the MAP and OS groups after d 4 of the storage due to the presence of oxygen in the headspace of the AIR packages (Patsias et al., 2006; Seydim et al., 2006) . Similar to our study, lower lipid oxidation in comparison to aerobically packaged samples also was reported during refrigerated storage by Nam and Ahn (2003) in vacuum packaged raw turkey meat for 10 d, by Chouliara et al., (2007) in MAP applied chicken breast meat for 25 d, by Seydim et al. (2006) in MAP applied fresh ground ostrich meat for 9 d, and by Jongberg et al., (2014) in MAP treated chicken breasts and thighs for 9 d of storage. Irrespective of differences in absorption capacities of OS, OS incorporation into the package resulted in lower TBARS values as compared to the MAP group after d 10 of storage (P < 0.05), which could result from the residual oxygen in the package of these groups. Therefore, absorption capacity of OS was not a significant factor affecting TBARS values (P > 0.05).
Protein Oxidation
Determination of carbonyl groups generated as a result of amino acids oxidation is commonly used in the evaluation of protein oxidation (Zakrys-Waliwander et al., 2012) . Initial carbonyl content of chicken thigh meats was 1.01 nmol/mg protein. In general, there were increases in carbonyl contents of MAP and OS containing groups (P < 0.05) during storage ( Table 2) . Increases in protein carbonyl content of chicken thigh and breast meats during refrigerated storage also were reported by Soyer et al. (2010.) The MAP group had higher carbonyl content in comparison to OS groups (P < 0.05) at the last period of storage (d 19). Furthermore, carbonyl content of the MO500 group was lower when compared with MAP (P < 0.05). In general, MO500 possessed carbonyl content similar to or lower than MO100 and MO300 during storage. Carbonyl content of nonoxidized muscle tissue is around one nmol/mg protein, while it varies between 2 and 14 nmol/mg protein in oxidized muscle tissue (Lund et al., 2007 ). In the current study, it is apparent that MAP and OS applications were successful in delaying protein oxidation of chicken thigh meats considering the low carbonyl content of the samples during storage (less than 2 nmol/mg protein). Similarly, Lund et al. (2007) reported that carbonyl content of beef patties was lower than 2 nmol/mg. In agreement with the findings of the current study, Zakrys-Waliwander et al. (2012) indicated that protein oxidation in beef, as determined by carbonyl content, increased slowly during chilled storage, and that carbonyl contents of high oxygen packaged samples were higher than vacuum packaged samples at d 8 and 14 of chilled storage.
Another indicator of protein oxidation in muscle foods in addition to carbonyl content is the amount of thiol (-SH) groups (Jongberg et al., 2011) . Initial sulphydryl content of thigh meats was found as 22.74 nmol/mg protein in this study. During storage, sulphydryl content of all groups generally showed decreases (P < 0.05) ( Table 2 ). In the current study, OS utilized groups possessed higher sulphydryl contents (P < 0.05) as compared to the MAP group across all storage times. Zakrys-Waliwander et al. (2012) also reported that free thiol groups of vacuum and modified atmosphere (containing 80% O 2 /20%CO 2 ) in packaged beef steaks decreased during cold storage. Jongberg et al. (2014) stated that there was a greater loss in the sulphydryl content in MAP with oxygen applied chicken meats as compared to nitrogen-MAP and vacuum packaging applied samples. In the current study, sulphydryl contents of the OS containing group were significantly higher than MAP from d one of the storage (P < 0.05). Generally, MO300 and MO500 had higher sulphydryl contents compared to MO100 during storage (P < 0.05).
CONCLUSIONS
This study demonstrated that MAP had a significant impact on retarding oxidative and microbiological alterations during refrigerated storage of fresh chicken thigh meats with an extension of the microbiological shelf life of chicken thigh meats by 9 d as compared to AIR control. OS incorporation into the MAP system was effective in retarding total aerobic bacteria and Pseudomonas spp. growth, as well as lipid and protein oxidation; however, this effect was observed particularly during the later stages of refrigerated storage, regardless of absorption capacities of the OS, with only one exception observed in carbonyl content, in that OS having the highest absorption capacity (ss500) generally exhibited lower carbonyl content than the other 2 OS. Future research should focus on determining the impact of OS on microbiological and biochemical deteriorations in processed meat products.
